Abstract Targeting angiogenesis in glioblastoma (GBM) may improve patient outcome by normalizing tumor vasculature and improving delivery of chemotherapeutics and oxygen. Consequently, concomitant administration of small molecule inhibitors of the VEGF pathway will likely have a positive impact on chemoradiation treatment outcome. We conducted a Phase I study of vatalanib, a small molecule inhibitor of VEGFR, PDGFR, and c-kit in patients with newly diagnosed GBM receiving radiation, temozolomide, and an enzyme-inducing anti-epileptic drug in order to determine the MTD of vatalanib in this patient population. We incorporated circulating biomarker and SNP analyses and pharmacokinetic studies. Nineteen patients were enrolled and the MTD was not reached at the time of study termination. Vatalanib was well tolerated with only 2 DLTs (thrombocytopenia and elevated transaminases). Other grade 3/4 toxicities included leukopenia, lymphopenia, neutropenia, and hand-foot syndrome. There were no wound-healing complications. Of the 13 patients evaluable for a radiographic response, 2 had a partial response and 9 had stable disease. Vatalanib significantly increased PlGF and sVEGFR1 in plasma circulation and decreased sVEGFR2 and sTie2. Plasma collagen IV increased significantly by day 50 of treatment. Vatalanib was well tolerated and this study demonstrates the safety of oral small molecule inhibitors in newly diagnosed GBM patients. Blood biomarkers may be useful as pharmacodynamic markers of response to anti-angiogenic therapies.
Introduction
Despite aggressive treatment with maximal safe surgery, radiation, and chemotherapy, glioblastomas (GBM) remain one of the most challenging solid tumors to treat. These tumors are characterized by an abnormal tumor vasculature that contributes to treatment resistance by promoting tumor hypoxia and elevating interstitial fluid pressure. Vascular endothelial growth factor (VEGF) is one of the principal mediators of this abnormal vasculature and is thus an attractive therapeutic target in GBM patients [1] . Based on glioma mouse models, blocking VEGF is hypothesized to normalize the abnormal tumor vasculature [2, 3] . Normalization improves tumor blood flow and, thus, delivery of chemotherapeutics and oxygen needed for radiation and chemotherapy to be maximally effective. Consequently, combining cytotoxics with anti-angiogenic agents holds promise for improving GBM response to therapy and is currently being evaluated in phase III trials.
Vatalanib (PTK787) is a small molecule tyrosine kinase inhibitor of all 3 VEGF receptors (VEGFR1, -2, and -3), platelet derived growth factor receptor-b (PDGFR-b), and c-kit [4] . The half life of vatalanib is 4-6 h so it should be administered at least twice daily. In a Phase I monotherapy study involving patients with a variety of advanced cancers, the maximal tolerated dose was determined to be 750 mg twice a day and a total dose of C1000 mg daily was biologically active [5] .
Pre-clinical and clinical studies of vatalanib in glioma demonstrated promising results. Studies involving C6 glioma cell lines that expressed VEGF demonstrated that vatalanib treatment led to tumor regression and increased tumor necrosis [6] . In a Phase I/II trial of recurrent GBM patients treated with single agent vatalanib, 2/47 patients achieved a partial response and 31/47 patients achieved stable disease [7] . The drug was well tolerated with dose limiting toxicities only observed in patients taking C1000 mg daily. Vatalanib was also associated with promising extension of time to tumor progression in recurrent GBM when combined with temozolomide or lomustine [8] . Due to concern over the effects of enzyme inducing anti-epileptic drugs (EIAEDs) on vatalanib metabolism, a phase I study of vatalanib in combination with imatinib, a PDGFR inhibitor, and hydroxyurea, a ribonucleoside reductase inhibitor, was conducted in patients with recurrent GBM stratified based on EIAED use [9] . The MTD in this study was 1000 mg daily in both cohorts but EIAEDs decreased vatalanib plasma exposure.
Based on these results in recurrent GBM, we conducted a phase I clinical trial in patients with newly diagnosed GBM who were taking EIAEDs in order to determine the MTD of vatalanib with radiation and temozolomide in this patient population. We incorporated correlative blood biomarker studies to determine the impact of vatalanib on angiogenic signaling pathways as well as pharmacokinetic analyses to determine serum drug levels. Prior studies of anti-angiogenic agents have suggested that several biomarkers (ex. VEGF, PlGF, MMP-10, sVEGFR2, sTie2) change significantly and reversibly after VEGF blockade and can serve as potential pharmacodynamic biomarkers for response with this class of drugs [10] [11] [12] [13] [14] [15] .
Patients and methods

Study population and patient eligibility
After receiving approval by the local institutional review board (IRB), we conducted a single center, Phase I study of vatalanib in patients with newly diagnosed GBM who were taking EIAEDs. All patients signed an IRB-approved informed consent form prior to enrollment. Inclusion criteria for patients included pathological diagnosis of GBM; age C18 years; Karnofsky Performance Score (KPS) C 60; Mini-Mental Status Examination (MMSE) score C15; adequate bone marrow function (absolute neutrophil count C1500/mm 3 ; hemoglobin C 8 g/dl; platelet count C100,000/mm 3 ); serum creatinine and bilirubin B1.5 9 institutional upper normal limit; and liver transaminases B3.0 9 institutional upper normal limit. Exclusion criteria included concurrent use of anti-coagulants; prolonged mean corrected QT interval or patients with a history of familial prolonged QT syndrome; pregnancy or breast feeding; history of uncontrolled hypertension or other serious medical illnesses including, but not limited to, unstable angina, arrhythmia, symptomatic congestive heart failure, active infection; infection with the human immunodeficiency virus; imaging evidence of intratumoral or intracerebral hemorrhage deemed significant by the treating physician; chronic proton pump inhibitor or H2 antagonist use.
Treatment plan
The goal of this Phase I study was to determine the optimal dose of vatalanib in combination with radiation and temozolomide in patients receiving EIAEDs. Patients were treated in cohorts of 3 at a starting dose of 250 mg once daily in the morning. Subsequent planned dose levels were 250 mg twice daily, 500 mg twice daily, 750 mg twice daily and 1000 mg twice daily. Patients started vatalanib 5 days prior to concomitant radiation and temozolomide and vatalanib was continued daily during chemoradiation. Following chemoradiation, patients completed 28 days of vatalanib monotherapy at the same dose as during chemoradiation (first post-radiation cycle of vatalanib). In conjunction with monthly temozolomide (150-200 mg/m 2 for 5 consecutive days), vatalanib was administered at 750 mg twice daily for all patients in 28 day cycles. The original protocol was written to stop temozolomide after 6 post-radiation cycles but was amended to allow for 12 cycles of post-radiation temozolomide. Patients remained on treatment with vatalanib until tumor progression, patient withdrawal, or development of unacceptable toxicity.
Patient monitoring and toxicity assessment
All patients were monitored by physical examination, laboratory tests, and contrast-enhanced MRI scans performed at baseline, 4 weeks after the completion of chemoradiation, and then prior to every odd cycle thereafter. Toxicity was graded according to CTCAEv3.0. Hematologic dose limiting toxicity (DLT) included grade 4 neutropenia, Cgrade 3 thrombocytopenia, or treatment delay [7 days due to hematologic toxicity. DLT due to nonhematologic toxicity included serum creatinine C2.0 9 upper limit of normal, Cgrade 2 hypertension or hematuria, or clinically significant grade 3 or greater adverse events attributed to vatalanib. The maximal tolerated dose was defined as the dose level at which 33% of patients experienced a DLT. Response to treatment was determined by neurological examination and MRI scans using Macdonald criteria [16] . The time period over which DLTs were determined was 7 weeks.
Circulating biomarker evaluations
Peripheral blood was obtained from patients prior to therapy then 8 h, 1 day, 2 days, 9 days, 50 days, and 4 weeks after completion of radiation. Circulating cell populations were isolated by flow cytometry using CD31, CD34, CD45 and CD133 as markers per a previously published protocol [17] . Plasma analysis was conducted for circulating VEGF, PlGF, soluble VEGFR1, bFGF, IL-1b, IL-6, IL-8, TNF-a collagen IV, MMP1, MMP2, MMP3, MMP9, and MMP-10 using multiplex ELISA plates from Meso-Scale Discovery (Gaithersburg, MD) as well as soluble VEGFR2, SDF1a, and sTie2 from R&D System (Minneapolis, MN). Every sample was run in duplicate.
Pharmacokinetic assessments
Blood samples for drug concentration were collected in a subset of patients in heparinized tubes at time 0 (pre-dose), 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, and 24 h on day 14 or later, i.e. once steady state had been reached. Plasma was prepared by centrifugation and frozen at -18°C. Plasma concentrations of vatalanib were determined with high performance liquid chromatography by AAIPharma (Shawnee, Kansas). The assay was valid over the range of 5.0-5,000 ng/ml. Pharmacokinetic parameters were determined from plasma concentration versus time data using standard noncompartmental methods.
SNP analysis
Candidate genes were chosen because of their role in VEGF and VEGF-independent angiogenesis and from published reports of candidate gene or expression studies. Genomic DNA was extracted from peripheral WBC using the QIAamp kit (Qiagen). Multiplex PCR assays are designed using Sequenom SpectroDESIGNER software (version 3.0.0.3) by inputting sequence containing the SNP site and 100 bp of flanking sequence on either side of the SNP. The SNPs are grouped into multiplexes so that the extended product does not overlap in mass with any other oligonucleotide present in the reaction mix, and where no primer-primer, primer-product non-specific interactions will occur. The PCR is carried out in 384-well reaction plates in a volume of 5 ll using 10 ng genomic or WGA DNA. All subsequent steps, up until the reaction is spotted onto the SpectroCHIP, are carried out in the same reaction plate. After PCR, any unincorporated dNTPs from the PCR are removed from the reaction by digestion with Shrimp alkaline phosphatase. The dNTPs should be removed so that they cannot play any role in the extension of the extension oligonucleotide at the SNP site. The extension reaction is carried out in the presence of the extension oligonucleotide and a termination mix containing mass modified dideoxynucleotides which will extend the oligonucleotide over the SNP site with one base. Before spotting onto the SpectroCHIP, the reaction was cleaned by incubation with Clean Resin (Sequenom), a cation exchange resin, which removes any salts present. The extension product was then spotted onto a 384 well spectroCHIP before being flown in the MALDI-TOF mass spectrometer. Data was collected in real time using SpectroTYPER Analyzer 4.0.3.18, SpectraAQUIRE 3.3.1.1 and Spectro CALLER 3.3.0.14 (Sequenom).
Statistical analysis
Given the small sample size in this phase I study, there was limited power to assess the correlation of the blood biomarker studies and survival. As exploratory analyses, we fit Cox regression models with overall survival or progressionfree survival as the endpoints and the biomarker measures as continuous predictors. A variable indicating dose cohort was included in the model to adjust for dose. The Kaplan-Meier estimate was used to compute the survival distribution. Differences in blood biomarker levels on each treatment day were compared to baseline (day-1) using the Signed Rank Sum test or ANOVA when dose cohort was included. Biomarkers were log transformed for analyses. Correction for multiple testing was not done because of the predominantly exploratory nature of this analysis.
Results
Patient characteristics
Nineteen patients with newly diagnosed glioblastoma were enrolled in the study from December 2006 to December 2008 ( Table 1) . Eight of the 19 enrolled patients had only a tumor biopsy prior to study treatment. Seven patients were enrolled at 250 mg daily, 6 patients at 250 mg twice daily, and 6 patients at 500 mg twice daily. One patient was excluded from any analyses after withdrawing consent prior to taking any vatalanib. A separate patient withdrew consent after taking only 1 dose of vatalanib so was only included in the toxicity assessment. An additional 2 patients did not complete combination radiation, temozolomide, and vatalanib because of disease progression (1), and pulmonary embolus (1) . The median number of postchemoradiation cycles of vatalanib was 3 (range [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . No patients remain on treatment.
Safety and tolerability
There were 2 dose limiting toxicities (Table 2) . One patient experienced thrombocytopenia during chemoradiation while on 250 mg daily of vatalanib and a second patient experienced elevated transaminases during chemoradiation at 500 mg twice daily of vatalanib. Other Grade 3-4 toxicities possibly, probably, or definitely, related to vatalanib were reported in 5/18 patients ( Table 2 ). These included: elevated transaminases (1), leukopenia (1), neutropenia (1), lymphopenia (1), and hand-foot syndrome (1). Reasons patients were removed from the study are listed in Table 2 . Three patients required dose reduction for elevated transaminases (2) and hand-foot syndrome (1).
Radiographic response and survival
Fifteen patients completed combination radiation, temozolomide and vatalanib. Two of these 15 patients experienced biopsy proven pseudo-progression so were not evaluable for radiographic response. The best radiographic responses for the 13 evaluable patients were partial response in 2, stable disease in 9, and disease progression in 2 (Table 3 ; Fig. 1) . After a median follow-up of 14.9 months, 13/15 patients have experienced radiographic disease progression and 14/18 patients have died. The median progression-free survival (PFS) for all 18 patients who took 1 or more dose was 7.2 months and median overall survival (OS) was 16.2 months.
Biomarker analysis
Seventeen patients were included in the biomarker analysis although the patient who only took 1 dose of vatalanib did not contribute results after the day 1 assessment. Due to scheduling difficulties, one patient could not participate in the biomarker study. Following treatment with vatalanib alone, there was an immediate increase in circulating PlGF and sVEGFR1 which was maintained after combination therapy. Vatalanib with chemoradiation increased plasma collagen IV and CPCs, and decreased plasma sVEGFR2 Completed protocol (2) Blood clot (2) Thrombocytopenia (1) Fatigue (1) Nausea/vomiting (1) Hand-foot syndrome (1) Asymptomatic ICH (1) Asymptomatic small vessel strokes (1) a Three patients were not evaluable because 2 had biopsy proven pseudo-progression and 1 took only 1 dose of the drug and sTie2 (Table 4 ). There was no apparent dose effect on biomarker measurements. Similar to prior reports about early changes in collagen IV, there was a suggestion that circulating collagen IV level after 1 dose of vatalanib was associated with prolonged PFS (HR of 0, 95% CI 0 to 0.884; P = 0.047) [18] . Several other hypothesis-generating correlations with outcome were noted with changes in circulating biomarkers over time such as plasma MMPs, collagen IV, SDF1a and CPCs (Supplemental Table 7 ) With the small sample size and multiple analyses, these data are preliminary and warrant confirmation in other studies of anti-VEGF agents.
Pharmacokinetic results
Data from only 10 patients was available for PK analysis since the company contracted to perform the PK analysis inadvertently destroyed the remaining blood samples before processing them. Two patients who received 250 mg daily, 2 who received 250 mg twice daily, and 6 who received 500 mg twice daily were available (Supplemental Table 6 ). Vatalanib was rapidly metabolized with peak concentration within 1-3 h confirming the need for twice daily dosing. Overall, C max appeared to increase with increasing dose.
SNP analysis
Ten patients were available for SNP analysis (Supplemental Table 8 ). In the context of this small dataset firm conclusions are challenging but we observed that 2 separate SNPs in VEGFR2 were seen in 5 patients with PFS [ 200 days and OS [ 400.
Discussion
Targeting VEGF-driven abnormal tumor angiogenesis is a promising mechanism to control GBM growth. By normalizing tumor vasculature, anti-VEGF agents are thought to reduce tumor hypoxia and improve delivery of chemotherapeutics [3] . In this study, we sought to determine the appropriate dose of vatalanib in patients with newly diagnosed GBM undergoing treatment with radiation and temozolomide who were also receiving EIAEDs. Most trials with tyrosine kinase inhibitors exclude patients treated with EIAEDs because of concern for drug-drug interactions since both vatalanib and EIAEDs undergo cytochrome P450 metabolism. However, not every patient tolerates non-enzyme inducing drugs or achieves good seizure control with monotherapy so require initiation of a second anti-epileptic. Consequently, it is important to determine the appropriate dose of oral TKIs in patients who take EIAEDs. In this Phase I trial vatalanib was well tolerated. The maximal tolerated dose in combination with temozolomide and radiation was not reached because the trial was stopped early due to the decision by the study sponsor to terminate development of vatalanib. Combining vatalanib with radiation and temozolomide did not appear to greatly increase toxicity when compared to the reported side effects of vatalanib alone in recurrent GBM [7] [8] [9] . With the exception of hand-foot syndrome and elevated transaminases, the majority of the Grade 3/4 toxicities reported are commonly observed with temozolomide. Elevated transaminases are common with EIAEDs-particularly phenytoin which was the drug received by most patients in this study. One patient experienced a clinically asymptomatic intracerebral hemorrhage and 1 elderly patient experienced asymptomatic small vessel strokes. No patient developed wound dehiscence or infection. These toxicity results are similar to a Phase I/II study of vatalanib in combination with chemoradiation conducted in Europe that was restricted to patients not taking EIAEDs [19] . Although there is a strong possibility of selection bias in this single arm study, the PFS and OS are encouraging, especially in light of the fact that 6/15 radiographically evaluable subjects received only a pre-treatment needle biopsy. There were an inadequate number of patients to achieve sufficient power to fully test blood biomarkers of angiogenesis or SNPs but we observed that collagen IV level on the first day of treatment might be a marker of response and warrants further study-similar to a prior report in recurrent GBM patients treated with cediranib [18] . In addition, results from that same trial reported a similar immediate increase in PlGF and a delayed decrease in sVEGFR2 and sTie2. This increase in PlGF and decrease in sVEGFR2 has been reported in several other trials of anti-angiogenic agents as well but the clinical implications are unclear at this time [10, 11, [13] [14] [15] . Nevertheless, given the changes seen in circulating proteins and cell populations with treatment, there remains potential to use them as pharmacodynamic biomarkers of anti-VEGF treatment.
Vatalanib is metabolized by CYP3A4 and EIAEDs induce the CYP3A4 system but with only 6 patients treated at the presumed biologically active dose, it was hard to fully assess the interaction between vatalanib and EIAEDs in our study. Pharmacokinetic data confirmed that twice daily dosing of vatalanib is required in patients taking EIAEDs and temozolomide. C max and time to reach maximal concentration in our study were similar to prior reports on vatalanib in combination with EIAEDs confirming that EIAEDs decrease vatalanib plasma exposure [9] . A wide inter-patient variability in PK measurements was found so other patient-specific factors may be playing a role as well.
Limitations of this study include the early discontinuation of the trial prior to achieving the primary endpoint of determining the MTD of vatalanib and lack of MGMT testing performed in patients. Nevertheless, vatalanib was safe and well tolerated up to 500 mg twice daily when combined with radiation and temozolomide in patients with newly diagnosed GBM. Although the study sponsor decided against further development of this particular TKI, the results of this study suggest that targeting VEGFR or other angiogenic receptors with an oral, small molecule TKI is feasible, safe and may improve both progression-free and overall survival in patients with newly diagnosed glioblastoma. Therefore, combining oral anti-VEGF therapy with radiation and temozolomide should be pursued and several studies of other TKI that target the VEGF pathway are underway.
